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The behavior and physiology of most organisms show Recent positional cloning has revealed that the tau
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ircadian, 24-h rhythmicity. Circadian oscillators are
hought to be controlled by negative-feedback loops in
lock genes expressed in organisms as simple as bac-
eria to mammals. Oscillating molecules that control
heir own expression in a circadian fashion seem to be
ery important for generating circadian rhythms in
ost organisms (1). In this minireview, the importance

f protein degradation of circadian clock gene products
s a molecular mechanism is summarized. We then
iscuss cell and tissue levels of clocks and the relation-
hip between the molecular clock and sleep, and be-
ween the molecular clock and mating behavior.

ROTEIN DEGRADATION AND CIRCADIAN CLOCK

The circadian expression in Drosophila of clock gene
roducts, such as PER and TIM, is thought to be im-
ortant for driving overt rhythms. The constitutive
xpression of per by the heat shock (2) or rhodopsin (3)
romoters restores rhythmicity of the null allele of per,
uggesting that per mRNA cycling may not be required
or protein cycling or for locomotor rhythms. Further-
ore, the constitutive expression of tim mRNA also

upports protein cycling and behavioral rhythms in tim
utant flies (4). Sehgal et al. also showed that elimi-

ating the oscillations of PER and TIM proteins by
verexpression abrogated circadian rhythmicity. These
ata indicate that the circadian rhythmic expression of
ER and TIM proteins is much more important than
heir rhythmic mRNA expression.

1 To whom correspondence should be addressed at Clock Cell Bi-
logy, National Institute of Advanced Industrial Science and Tech-
ology (AIST), IMCB 6-5, 1-1-1 Higashi, Tsukuba 305-8566, Japan.
ax: 181-298-61-6095. E-mail: n.ishida@aist.go.jp.

2 Present address: Institute for Behavioral Sciences, Gunma Uni-
ersity School of Medicine, 3-39-22, Maebashi, 371-8511, Japan.
-mail: sakait@med.gunma-u.ac.jp.
1

ocus (which shorten circadian rhythm) in hamsters is
ncoded by casein kinase Ie (5), a homology of the
rosophila clock gene double-time. The double-time
ene product phosphorylates PER and causes protein
egradation in Drosophila (6). Also in mammals, ca-
ein kinase 1e (CK1e) phosphorylates PER1, PER2 and
ER3, then renders them unstable (7–9). Recent find-

ngs indicate that the human PER2 site phosphory-
ated by CK1e is mutated in familial advanced sleep
hase syndrome (10). This syndrome affects individu-
ls who are “morning larks” in whom a 4-h advance of
leep, temperature, and melatonin rhythms suggests
hat sleep is under the control of the molecular circa-
ian clock.
Drosophila TIM is degraded by a photic entrain-
ent cue. In cultures, tyrosine phosphorylation-

ependent TIM degradation is blocked by inhibitors
f proteasome activity (11). These data suggest that
he TIM degradation mechanism is involved through
he ubiquitin–proteosome pathway. A new clock
ene, shaggy/glycogen synthase kinase-3 (GSK-3)
ill be described soon, indicating a role for TIM
hosphorylation (12). The data suggest that shaggy-
ependent TIM phosphorylation increases PER/TIM
eterodimerization or promotes the nuclear translo-
ation of PER/TIM complexes in wild flies. TIM phos-
horylation by shaggy may be different from protein
egradation.
These data imply that the phosphorylation and

rotein degradation of clock gene products underlie
he mechanism of circadian rhythm generation. The
mergence of molecular components of the circadian
lock sets the stage for elucidating the biochemical
echanisms in many diverse species from flies to
umans.
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.



NUMBER OF CLOCKS IN THE BODY
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Although clock gene-based negative feedback loops
etween flies and mammals seem to be a side of unity
1, 13), diversity between the two species has recently
ecome apparent. BMAL1 is a clock gene common to
oth Drosophila and mammals (1, 14). Drosophila
clock (jrk) mRNA is regulated in a circadian fashion,
hereas dBMAL1 (cyc) is not. Furthermore, dclock
RNA cycling is abolished and the values are troughs

n per and tim mutants suggesting that per and tim
enes can function as transcriptional activators of
clock mRNA expression in Drosophila (15). In con-
rast, mammalian cyclic BMAL1 mRNA is expressed,
ut clock mRNA is not (16). Cyclic BMAL1 mRNA
xpression is lost in clock mutant mice, suggesting that
MAL1 mRNA is positively regulated by a CLOCK-
MAL1 feedback loop in the SCN of mammals (17). In

his positive feedback loop, mammalian BMAL1 ap-
ears to be the target circadian molecule instead of
lock, as it is in the feedback loop of Drosophila (Figs.
a and 1b) (15). Shearman et al. also showed that
PER2 is a positive regulator of the BMAL1 loop in

he SCN (18).
Molecular differences between the central (SCN) and

eripheral clocks in mammals are unknown, although
oth use the same set of genes. Okamura et al. have
ecently shown that the peripheral oscillator in cul-
ured fibroblasts is identical to the central clock be-
ause the temporal expression and phase of mRNAs
nd proteins of several clock genes are identical in both
he SCN and fibroblasts (19). However, the possibility
etween different molecular mechanisms between pe-
ipheral clocks and the central clock have been still
emained. The situation in vitro does not always reflect
hat in vivo.

The anti-phasic circadian expression between
MAL1 mRNA and rPER2 mRNA in several rat tis-
ues has been reported (16, 20). The amplitudes of
MAL1 and of rPER2 mRNA expression correlated
mong the various tissues, suggesting that the rhyth-
ic expression of per 2 mRNA plays an important role

n the circadian expression of mammalian BMAL1
enes (16). However, the transcriptional regulation of
MAL1 mRNA remains unknown. To examine
hether or not circadian feedback loops driven by the
LOCK-BMAL1 heterodimer are required for the cir-

adian expression of BMAL1 mRNA in vivo, mRNA
xpression of the suprachiasmatic nucleus (SCN) and
eripheral tissues of homozygous Clock mutant mice
ere examined by in situ hybridization and by North-
rn blotting (17). The results showed that in the SCN of
lock mutants, BMAL1 mRNA did not oscillate signif-

cantly but was apparently expressed at low levels,
hile in the periphery, BMAL1 mRNA levels were
2

lose to maximal in wild-type mice and did not show
hythmicity. Furthermore, daily expression of mPer2
nd albumin site D-binding protein (DBP) mRNA lev-
ls were severely blunted at trough values in both the
eriphery and the SCN. These data indicate that the
ircadian expression of BMAL1 mRNA is affected by
he CLOCK-BMAL1 induced transcriptional feedback
oop in the SCN and in peripheral tissues through a
ifferent mechanism. Positive regulation in the central
scillator and negative regulation in the peripheral
scillator for BMAL1 rhythmic expression might be

FIG. 1. Putative model of transcriptional feedback loops in Dro-
ophila (a) and in SCN (b) of mammalian brain. Expression of mRNA
s rhythmic for dclock in Drosophila, but BMAL1 instead of clock
hows rhythmic mRNA expression in mammals.
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equired for the circadian expression of BMAL1 mRNA
n wild-type mice (Figs. 2a and 2b). Furthermore, the
CN seems to govern peripheral oscillators (21).
amping peripheral oscillators is supported by the
acemaker in the central oscillator (22). Restricted
eeding studies have also suggested that the central

FIG. 2. Differential circadian feedback loops in central clock and
eripheral clocks in mammals. Central clock (SCN, a) requires un-
nown positive regulator (X), but in peripheries (b) unknown nega-
ive regulator is needed to explain the differential BMAL1 mRNA
xpression in clock mutant mice.
3

ntrainment mechanisms with respect to food in vivo
23, 24).

One exciting discovery with regard to multiple
locks is the difference between right and left central
scillators (25). The concept of two coupled oscilla-
ors is not new (26). The concept is based on a phe-
omenon known as “splitting” that has been demon-
trated in hamsters exposed to constant light, in
hich a single daily bout of locomotor activity disso-

iates into two components with different periods
27). This theoretical concept (28) is further sup-
orted by the findings that unilateral SCN lesions in
plit hamsters abolish behavioral splitting and pro-
uce a single bout of locomotor activity (29).
chwartz et al. showed that two putative oscillators
nder splitting correspond to the left and right sides
f the SCN using the asymmetric expression of the
er1 and Bmal1 genes. Within per family of three
enes, Per1 seems to be the most striking in terms of
symmetric expression. If so, then the left and right
scillator of the SCN will uncouple under exposure to
onstant light.
How the length of a day is understood from a circa-

ian viewpoint remains unanswered. Measuring the
ength of the day indicates the season. To address this
ssue, the concept of morning and evening oscillators
as been proposed (28). Daan et al. reported that per1/
ry1 expression in the SCN is accelerated by light and
ecelerated by darkness and thereby tracks dawn
hen day length changes (30). In contrast, per2/cry2
xpression is decelerated by light and accelerated by
arkness and thereby tracks dusk. These data suggest
hat the morning and evening oscillators correspond to
he per1/cry1 and per2/cry2 oscillators, respectively.
he discovery of molecular components of circadian
locks will bring new insight into the physiological
echanisms such as how the length of days is recog-

ized.

LEEP CONTROLLED BY CLOCK:
ARKS OR OWLS

Whether the circadian and homeostatic processes of
leep are independent or whether they are intercon-
ected at the molecular level has not been determined.
owever, recent progress indicates that mutation of

he circadian clock gene affects several sleep pheno-
ypes.

Albumin D-binding protein (DBP) is a PAR leucine
ipper transcription factor that is expressed in a circa-
ian fashion in the SCN and peripheral tissues such as
he liver (31). The circadian rhythmicity of mice lack-
ng DBP is shorter and less active, suggesting that
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ently, DBP-deficient mice (dbp2/2) have reduced
bility to consolidate sleep episodes and the sleep–
ake-dependent change of EEG delta power during
on-REM sleep (32).
Individual differences in performance, morningness

lark-type)/eveningness (owl-type) are associated with
hysiological parameters such as body temperature
33), blood pressure and heart rate (34). Kleitman, in
939, classified two distinct “morning” and “evening”
ypes of human body temperature rhythm, one of
hich peaks early in the day and the other late (35).
he circadian clock of an individual is believed to be

mportant to the mechanism underlying morningness/
veningness (36), but substantial evidence has only
ecently started to accumulate.

Polymorphism of the 39 flanking region of the
lock gene, which was originally identified as a
ammalian circadian clock gene and a key player in

ircadian feedback loops (1), is associated with hu-
an morningness/eveningness preferences (37). If
orningness/eveningness is related to the function of

he Clock gene in mammals, an animal model should
e able to create such lark/owl-type preferences. In
act, Clock homozygous mutant mice with a Jcl:ICR
ackground that differs from the original BALB/c and
57/BL background has a clear evening preference for
ody temperature, spontaneous activity, and wake du-
ation (38). The clock with a Jcl:ICR background was
ssociated with clear REM sleep in the early morning
active phase), which was not evident in the isogonic
ontrol. The clock with a Jcl:ICR background did not
how arrythmicity after exposing the mice to constant
arkness for 3 months (data not shown). This model
ppears to be useful for molecular studies of the inter-
ction between clock genes and sleep, but also for the
iming of various diseases, such as myocardial infarc-
ion, sudden cardiac death, stroke, affective disorders,
nsomnia, and intolerance for shift work. The involve-

ent of the circadian clock in the development and
reatment of a wide variety of diseases is beginning to
e recognized.

rosophila MATING BEHAVIOR ASSAYED
Y “ARRANGED MARRIAGE”

Mating behavior in animals is the most important
nd fundamental process of selecting the best partner
nd to produce progeny. Some insects show daily
hythms in mating activity (39), which arises from
nteractions between fluctuating environmental stim-
li and endogenous circadian clocks. The importance of

ight in mating behavior has been a key topic of study
4

adian clocks to mating behavior have been identified
ore recently (41). Mating frequency in Dacus tryoni is

estricted to dusk, whereas that of its sibling species,
acus neohumeralis, occurs in the middle of the day.
he two species were crossed and the phase of F1
ating became as narrow as that of their parents,

uggesting that the genetic mechanism of circadian
ating is common between two species. Males of Dro-

ophila extend and vibrate one wing vehemently at
emales, behavior which is referred to as “courtship.”
lthough the relationship between the ultradian fluc-

uation of this wing vibration and period mutants is
nderstood in detail (42), several Drosophila species
how daily rhythms of male courtship behavior in LD
ycles (43). However, the genetic mechanism that
auses such fluctuation in mating rhythm on a daily
asis remains totally unknown.
Our results using a new assay system indicate that
rosophila melanogaster wild-type displays a robust

ircadian rhythm in mating activity (44). After five
ales and five females were placed in a bottle for

0–30 min, we dissected out the female reproductive
rgans and calculated mating frequency as the per-
entage of the number of inseminated females over the
umber of dissected females. We call this assay system
he “arranged marriage.” Even in constant darkness
DD), mating rhythms are abolished in period or time-
ess mutant flies (per01 and tim01) or in disconnected
disco) mutants that have a severe defect in the optic
obe and a lack of lateral neurons. The small lateral
eurons are considered to be pacemakers for the loco-
otor rhythm of Drosophila.
The mating rhythms were lost when locomotor

hythm mutant females were paired with wild-type
ales, demonstrating that female mating activity is
ainly governed by clock genes. To determine
hether or not the per gene affects the reduction in
ating activities at CT12, we measured mating ac-

ivity using combinations of Canton-S males and
oth types of per01 females in which PER is induced
y heat shock. No differences in the mating activities
f pairs between CT12 and CT18 were detected with-
ut heat shock or in the per01 mutant. However,
ating activities at CT12 were significantly lower

han those at CT18 after heat shock, suggesting that
he induced PER protein causes a reduction in mat-
ng activity at CT12 and that arrhythmicity in the

ating activity of the per01 mutant is caused by the
er mutation of female flies rather than by the ge-
etic background of the mutants.
Furthermore, an antiphasic relationship in the cir-

adian rhythms of mating activity was detected be-
ween D. melanogaster and their sibling species D.
imulans, both of which are from Ogasawara Island
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Fig. 3). The data suggested that female- and species-
pecific circadian rhythms in the mating activity of
rosophila cause reproductive isolation, which is an

mportant factor in evolution. Understanding the tem-
oral characteristics of mating behavior will bring new
nsight into the mechanisms of evolution.
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